ABSTRACT We demonstrate a series of nonlinear, active, and tunable metasurfaces for a variety of electromagnetic applications. The metasurfaces have achieved a range of exotic properties by populating nonlinear or active circuit components on a periodically patterned metallic surface. The circuit components such as diodes, varactors, transistors, and other devices can be controlled manually, actively, or self-adaptively. This allows nonlinear metasurfaces to have active tuning, power-dependent behavior, self-focusing, reconfigurable surface topology, or frequency self-tuning capabilities. The power-dependent metasurfaces can be applied to active RF absorbers that only absorb high-power surface waves to prevent malfunction or damages to sensitive devices. The rectifier-based waveform-dependent metasurface absorber can be specifically designed to absorb either high power pulsed waves or continuous waves. The transistorbased surface wave metasurface absorber provides another degree of freedom in that it can be manually switched to tune the absorber, or it can be tuned using computer controlled feedback. The self-focusing effect has been demonstrated for the first time at RF frequencies to automatically collimate high-power surface waves. The reconfigurable and self-tuning metamaterial surfaces can be implemented to support a broadband reconfigurable antenna system or to adapt to a wide range of incoming frequencies. In this paper, the concepts of nonlinear and active tunable metasurfaces are discussed, including results of full-wave simulation analysis, EM/circuit co-simulation, and experimental results in waveguides, using a near-field scanner, as well as far-field measurements in an anechoic chamber.
These remarkable applications are achieved by engineering passive structures, however, their applications are restricted by the inherit limitations such as the tradeoff between bandwidth and surface thickness, as well as the effects of losses. By adding re-configurability and tunability to metasurfaces, these limitations can potentially be mitigated. There are several approaches to achieve the desired tunability, ranging from applying tunable elements [16] , [17] on the surface to introducing nonlinearities with active circuit components such as diodes, varactors, transistors, etc. Recent developments in the tunable and reconfigurable metasurfaces with the active electronic circuits have extended to the unique electromagnetic functionalities and properties that are not achievable with conventional passive approaches.
In this paper, we present recent advances in nonlinear and active tunable metasurfaces as well as their unique applications that are achievable when nonlinearity is introduced. By using simple diodes, a new type of power dependent absorber [18] is created which responds to the strength of the incident waves. These nonlinear surfaces absorb high power signals to avoid potentially damaging effects, while ignoring low power signals such as from communication systems. By combing rectifiers with metasurfaces, a waveform-dependent absorber [19] is demonstrated, which can convert propagating surface microwaves into static charges that are dissipated in resistors either in parallel with shunt capacitors or in series with inductors, yielding the first waveform-selective absorbing metasurface. When transistors are used [20] , the absorbing metasurface can have manual tunability and switching ability. Combined with active feedback, this can yield a sharper response to changes in incident power. By using varactor diodes that provide tunability which is controlled by an electrical bias, the selffocusing [21] and self-tunable metamaterial surfaces [22] are introduced, which react to the incoming powers or frequencies. The self-tuning concept is implemented by using a frequency detecting circuit which controls the surface properties through varactor tuning by using a feedback circuit. Finally, we will examine a reconfigurable ground plane by deploying RF MOSEFETs as switches to support broadband and reconfigurable antenna and communication systems while maintaining artificial magnetic conductor characteristics.
II. POWER DEPENDENT SWITCHABLE ABSORBERS
Power dependent metamaterial absorbers are able to switch between two states depending on the magnitude of the incoming waves. For example, by placing these surfaces on the outside of a conductive enclosure, they can mitigate potential threats which would otherwise cause malfunction or damage to electronic devices when illuminated by high power microwaves. In contrast, the metasurface does not interact with low power signals such as for communication systems.
The mechanism of the switchable metasurface is illustrated in Fig. 1 (a) . By attaching paired diodes in opposite directions at the location of vertical conductive vias that connect patterned top patches to a ground plane, the diodes can be defined as open or short circuit depending on the incoming power level. A network of resistors is interconnected between the patches to provide absorption. At low powers, the diodes are off, and the metasurface appears as an ordinary frequency selective surface. The diodes turn on when illuminated by high power, and the metasurface is electrically transformed to a resistor-loaded high impedance surface, which can be highly lossy near its resonance frequency. The electrical transition between these two states can be verified by the dispersion diagram of the insets shown in Fig. 1 (a) . By switching from OFF to ON states when illuminated with high power waves, the band edge in the dispersion diagram is shifted to the intended operating frequency of 2.4 GHz. A unit cell geometry and photo of an actual fabricated sample are shown in Fig. 1 (b) and (c). Fig. 1 (d) shows an EM/circuit co-simulation of a row of the nine unit cells with periodic boundary conditions. In the circuit simulation, SPICE data of the packaged diode model, Avago HSMS-286c, was used, including all parasitic values. Simulation and measurement results of absorption, near-field scans, and leakage field into a metal enclosure are shown in Fig. 2 . Absorption is calculated as A(ω) = 1-T(ω) -R (ω). (Here, A(ω): absorption, T(ω): transmission, and R(ω): reflection with frequency dependence (ω).) Note that reflection is negligible in all cases. In Fig. 2 (a) , absorption plots exhibit different properties depending on the incoming power level, and the corresponding transition of the absorption versus the input power levels is verified at the desired frequency at 2.4 GHz. This transition can also be seen in the surface field measurement as shown in Fig. 2 (c) and (d). At low power, the launched surface waves at the edge of the metasurface can propagate across the surface away from the source with small attenuation as shown in Fig. 2 (c) . At high power, surface waves are strongly attenuated as shown in Fig. 2 (d) . Illuminating a conductive enclosure with high power signals results in surface waves which travel over the outside of the enclosure, and may leak inside through small gaps or openings, which effectively behave as slot antennas. In order to demonstrate suppression of this leakage field into the enclosure, we use the method shown in Fig. 2 (e). High power waves at 2.4 GHz are launched from a horn antenna located on the wall of the anechoic chamber. A metal box covered by the metasurface is located 2.5 m away from the source antenna, and a coaxial probe is placed beneath a small 9mm gap between the metasurfaces. The measured leakage field inside the box is shown in Fig. 2 (f) versus the impinging field magnitude. The switchable metasurface is compared to the conventional magnetic radar absorbing material (MAGRAM) and a bare metal surface. For both of the linear surfaces, the MAGRAM and the bare aluminum surface, the leakage field magnitude is a linear function of the incident field strength. However, the nonlinear metasurface shows a nonlinear response that exhibits a saturation effect, where the leakage field is limited to 4 mW/cm 2 , regardless of the external source power.
III. WAVEFRORM-DEPENDENT ABSORBING METASURFACES
This section introduces metasurfaces that enable us to sense different waves even at the same frequency in response to their waveforms or pulse widths [19] , [23] , [24] . The waveform dependence is achieved using a periodic unit cell composed of a conducting patch, dielectric substrate, and ground plane together with several circuit elements (see Figs. 3 (a) and (b)). Four Schottky diodes are arranged as a diode bridge, and thus convert the incoming waveform (i.e., sin(2πft) where f and t respectively denote frequency and time) to a rectified waveform (i.e., |sin(2πft)|) that contains an infinite set of harmonics. However, most of the energy is at zero frequency. Therefore, the energy of a short pulse is stored in a capacitor to be dissipated with a neighboring resistor, resulting in a strong level of absorption. If a long pulse or continuous wave (CW) illuminates the metasurface, however, the capacitor is fully charged up so that induced electric charges are not effectively rectified and the absorbing performance is limited. This metasurface was numerically tested inside a waveguide with a slightly modified geometry (see Figs. 3 (c) and (d)). As plotted by the black curve of Fig. 4 (a) , the absorptance was gradually decreased from 0.8 to 0.3 by increasing the pulse width from 50 ns to 10 µs, although the frequency remained unchanged at 4.2 GHz.
The surface can be designed to preferentially absorb long pulses by replacing a pair of a capacitor and resistor with an inductor connected to a resistor in series (Fig. 3 (e) ). In this case, electric charges are not allowed to enter the diode bridge during an initial time period due to the presence of the electromotive force of the inductor. This force, however, is gradually mitigated by the zero-frequency component so that more electric charges reach the resistor. Such a simulation result is shown by the black curve of Fig. 4 (b) . This demonstrates that the absorptance was improved from 0.3 to 0.8 by increasing the pulse width.
One of the important points of these structures is that the design of waveform-dependent absorption is readily modified by changing the circuit parameters. This is because the performance is determined by the time constants of the circuit elements used, i.e., capacitor, inductor, and resistor. For example, increasing (or decreasing) the capacitance and inductance leads to entirely shifting the absorptance curve to a large (or small) pulse width, as represented by the dashed (or dotted) curves of Figs. 4 (a) and (b). In addition, combining both of the capacitor-based and inductorbased circuits leads to more complex waveform-dependent response, such as absorption for an intermediate pulse width. This is demonstrated in our previous studies that also show experimental validation [19] , [24] , performance for a pulse Simulation results of (a) capacitor-based and (b) inductor-based waveform-dependent metasurfaces. In this simulation, frequency was fixed at 4.2 GHz, while the pulse width was varied from 50 ns to 10 µs. The black curve of the capacitor-based metasurface set capacitance and resistance to 1 nF and 10 k , respectively, while that of the inductor-based metasurface used 100 µH inductors and 5.5 resistors. For the dashed curves (or for the dotted curves), the capacitance and inductance were increased (or decreased) by a factor of 10 so that the black curves were entirely shifted to a large (or small) pulse width. with a finite bandwidth [25] , angular dependence [26] , application to wireless communications [24] , field visualization method in simulation [27] , and control of other scattering parameters [28] .
IV. TRANSISTOR BASED METASURFACE ABSORBER
We have also studied the first transistor-based tunable and switchable surface wave absorbing metasurface. The surface can be manually controlled to ON or OFF states, or to any absorption state as needed by simply controlling the bias to the gates of the transistors. It provides surface wave suppression to protect electronic devices from leakage of high power signals or surface currents through discontinuities in the enclosing structure. Two topologies are introduced in this work and their working principles are indicated in Fig. 5 , which are both designed based on periodic patches with a via in the center. For topology A, the drain and source terminals of a pair of transistors are placed in shunt with the absorbing resistors at the gaps of the unit cells. When the gates are negatively biased, the drain-to-source channel appears as an open circuit, and surface waves at the desired frequency will be absorbed by the resistors through each cycle resonating in the cavity. However, when the transistors are positively biased, the drain-to-source channel will look like a short circuit, thus shorting the gap resistors and transforming the surface from periodic patches into a continuous conductive sheet that can support TM wave propagation with minimal absorption, shown in Fig. 5 (a) .
Topology B adopts the same metallic electromagnetic band gap structures but with the drain-to-source channel of the transistors placed at the via of the patches. When the gates of the transistors are negatively biased, then the vias are isolated from the patches which make the vias invisible to the surface, thus supporting surface waves at the desired frequency. On the other hand, when the gates are positively biased, the vias are connected to the surface and changed to the absorbing state, demonstrated in Fig. 5 (b) . Additionally, for both of the topologies, when transistors are biased at different DC voltage levels between ON and OFF states, the metasurfaces can be manually controlled to give different absorption levels, since the resistance of drain-to-source channel is changed to yield different absorption performance. The two topologies are simulated using the EM/Circuit cosimulation technique, and they are measured in waveguide WR-430. The results are shown in Fig. 6 . The switching property of the two topologies is clearly apparent at low input power (10 mW) in Fig. 6 (a) and (b). At higher input power levels, the absorption rate of both topologies drops due to saturation of the drain-to-source channel of the transistors, which could be resolved by replacing them with higher power transistors. Compared to the diode-based absorber, the use of field-effect transistors (FET), gives an additional degree of freedom because absorption is controlled through the gate voltage, rather than the diode turn-on voltage, making this surface switchable and tunable at both low and high microwave power levels. Furthermore, the absorption rate can be easily tuned by adjusting the bias voltage of the transistors shown in Fig. 6 (c) .
A larger panel of the topology B is fabricated with a slit in the middle, mimicking a discontinuity in the surface. It is measured in the anechoic chamber to study its performance in a realistic scenario, shown in Fig. 7 . In the ON and OFF states, the radiation pattern of the surface is measured and plotted in Fig. 8 (a) at the center frequency 2.15GHz. Large attenuation is observed between the ON and OFF states, especially at grazing angles, demonstrating about 18dB difference. The tunability of the surface is also demonstrated in Fig. 8 (b) , showing that when the DC bias is changed from −1 V to 0 V, different gain levels are acheived. Compared to the diodebased switchable metasurface, the FET-based metasurface can be maintained in a particular tuning state with no static power draw, since the FETs are voltage-controlled. On the other hand, the FET's drain-to-source channel is symmetric, which means the active absorbers we are proposing can be tuned without affecting their linearity. One other advantage of this FET-based surface is that one can program the gate biasing voltage in response to different levels of incoming power. In other words, a particular power density level can be preset as a threshold to turn the surface ON, OFF, or to any state in between, such as to provide a sharper response. This setup is shown in Fig. 9 (a) , where the leakage power through the slit is detected with a power meter, and the information is fed to a controlling computer in real time. When the level VOLUME 5, 2017 A is greater than the preset threshold value, the DC source is controlled by the computer instantly to turn the transistors on, switching the surface to the absorbing state. From Fig. 9 (b) , 18 dB of attenuation is achieved when input power exceeds the threshold, which yields a very sharp response.
V. NONLINEAR POWER-DEPENDENT IMPEDANCE SURFACE AND APPLICATIONS
A new nonlinear impedance surface is proposed that presents surface waves with a tunable surface impedance depending on power level of the incident waves [29] . The control of the surface impedance can offer more flexibility in manipulating EM waves, thus giving rise to a new range of applications.
According to the effective medium model of the highimpedance surface, the surface impedance of an array of subwavelength mushroom cells is partly determined by its sheet capacitance, as indicated effectively by the impedance of a parallel resonant circuit where ω is angular frequency, C is sheet capacitance, and L is sheet inductance. Based on this, varactor diodes are employed to adjust the capacitance. They are controlled by reverse DC bias voltages, providing the possibility of power-controlled characteristics.
The array configuration is illustrated in Fig. 10 , which can be viewed as modified mushroom structures embedded with varactors on the upper substrate and the EM power sensing circuits on the lower substrate. For every cell, the five vertical metal vias are the key elements that connect the varactors and the circuits, and support EM currents at the same time. Each unit cell responds independently to its local power level. The sensing circuits transform the EM power level information into corresponding DC voltage signals, and feed them back to the varactors.
The power-dependent surface impedance property is studied experimentally. The configuration and a photograph of the measurement setup are shown in Fig. 11 . The VNA is set to be working in ''external test set mode'' [29] , with its four ports arranged as a source port (S), reference port (R), test ports for reflection (A), and transmission (B), respectively. The incident signal is measured in the R port after the power amplifier, so the mismatch or drift of the amplifier is canceled. The prototype is placed at the bottom of a From the phase of S 21 , surface impedance of the prototype is achieved from
WR430 waveguide. Voltage transmission, or S 21 , of the waveguide is measured by
where Z 0 is the impedance of free space, ϕ is the phase, l is the length of the array, k 0 is the wave number in free space, and f c is the cutoff frequency of the waveguide. The results are shown in Fig. 12 . As is clearly observed, at frequencies from about 1.64 to 1.67 GHz, the surface impedance is tuned by the input power as it is swept from 16 to 27 dBm. Typically, the largest impedance range was j385 to j710 at 1.66 GHz. One of the intriguing applications of the nonlinear impedance surface is the self-focusing effect. The effect is a nonlinear phenomenon typically studied in the optical community, which relies on media with beam-magnitudedependent refractive index. When a high-power beam is injected into such a medium, such as a nonlinear crystal, it enhances the local index and automatically produces a highindex channel, which, in turn, guides the beam with its energy confined within the region. In contrast, low-magnitude beams have little impact on the index, and thereby tend to spread normally in the same medium. The effect has drawn intensive investigations for decades, delivering many optical applications such as self-trapping waveguiding, beam-splitting, optical interconnects, and so on [30] .
It is not until recently that the development of the nonlinear impedance surface allows the nonlinear self-focusing behavior to occur at microwave frequencies for the first time. Because the surface impedance is directly related to the effective refractive index for surface waves, it is the RF analog of the optical self-focusing that shares the same principle. In an effort to predict the beam forming process of self-focusing on the nonlinear impedance surface, a series of discrete-time simulations are performed with Ansys HFSS 15.0. The model is shown in Fig.13 , which represents a nonlinear surface attached with a rectangular waveguide on the left side. The surface consists of hundreds of cells, each of which is set to be an ''impedance boundary'' with a reactance depending on a local electric field (E-field). When the wave port is excited, transverse-magnetic-mode (TM-mode) surface waves are coupled on the surface by the vertically polarized waves of the waveguide. The simulation starts with a homogeneous low-impedance surface, and the impedances of the cells are then updated in accordance with the resulting E-field magnitude distribution. With the new impedance surface, the next time-step simulation is carried out. The process repeats five times until a stable E-field distribution is achieved. Fig. 14 shows the E-field distributions at different time steps, indicating a gradually focused beam profile, which means a high-impedance channel is formed. In essence, the high-impedance waveguide is automatically induced by the beam interacting with the nonlinear unit cells. The effect has also been characterized using the measurement configuration shown in Fig. 15 . A large prototype panel including almost 380 cells was fabricated. Amplified RF signals generated by the VNA were radiated by a standard WR430 waveguide adaptor placed next to the left side of the board. The E-fields above the surface were sensed by the vertical probe and then fed back into the VNA through a 10-dB protecting attenuator.
Normalized E-field magnitude distributions on the board with varying emitted power levels are presented in Fig. 16 . If the power sensors are turned off, the prototype board degenerates into a homogeneous linear surface with constant low impedance. Therefore, the scattered E-field distribution plotted in Fig. 16 (a) was obtained regardless of the power levels. When the circuits were turned on, with power less than 31 dBm, the natural diffraction of the surface wave was measured, as shown in Fig. 16 (b) . The result is nearly the same as in Fig. 14 (a) , as expected. As the power reached 34 dBm, the wave was observed to be guided within a straight channel with very little leakage, as shown in Fig. 16 (c) . According to the simulations, it can be claimed that the channel is a high-impedance area that is automatically maintained by the interaction between the beam and the nonlinear surface. The E-field magnitude at the edge of the beam profile measures 9.5 dB higher than the outside, which agrees well with the simulated result. When the power is increased beyond 37dBm, a sharply focused profile is observed, in which the energy converges to a very narrow region in which it is dissipated in a round hot spot, as shown in Fig.16 (d) . The extreme phenomenon can be attributed to the loss of the prototype that is enhanced with the power. In addition, from the viewpoint of a band gap structure, the band moves downwards to the frequency of interest as the power is increased, and at that point the wave can no longer propagate. This is not predicted in the simulations because the bandgap effect is not taken into account in HFSS using the impedance boundary condition.
The self-focusing effect represents the balance between the nonlinearity of a metasurface and natural diffraction of a beam. Besides the injected power level, loss of the metasurface can also affect this balance. The power-dependent nonlinear surface presented above is a lossy medium, in which the dissipating effect increases with increasing power. As a consequence, the propagation of the beam is observed to be cut off in Fig. 16 (d) . In [31] , the key role of the varactors in the electrically controlled dissipation of the metasurface is analyzed in detail. The tunable dissipating behavior of the varactors is characterized numerically, as plotted in Fig. 17 (a) . In co-simulations, a lattice of the unit cells is built at the bottom of a TEM waveguide, and each of the embedded varactors is approximately modeled as a resistor and capacitor in series. The dissipation of surface waves by the lattice as a function of the capacitance are compared in Fig. 17 (b) and (c) . It can be seen that when the resistance VOLUME 5, 2017 is zero, the absorption is small except for several ripples, which can be explained by the dissipation of the lossy substrate at the resonances of the lattice. In contrast, a small resistance causes significant dissipation within a frequency band that moves with the changing capacitance. Fig. 17 (d) shows the result when SPICE models of the varactors are taken into account. With various DC bias voltages, the curves look almost identical with Fig. 17 (c) . If the series resistance of the varactors is set to be zero, a similar result as in Fig. 17 (b) is obtained, indicating the significant effect of the resistance in the tunable dissipation characteristics of the lattice. The dissipating effect of the array on plane waves is analyzed in [32] , where a similar tunable performance is also found.
The dissipating behavior of a prototype tuned by DC signals is measured [31] , and the results are shown in Fig. 18 (a) . At the frequencies of interest, they match well with the simulated performance. Based on this, power-dependent properties are further examined with EM power sensors included.
By delicately adjusting the parameters of the circuits, results shown in Fig.18 (b) are obtained, in which the surface exhibits a sharp dissipation response to the incoming power level.
The dissipating behavior and tuning role of the varactors in the impedance surface can be used for microwave suppression applications. For example, if their bias polarity is reversed, the surface impedance would decrease with increasing power, leading to devices such as saturable absorbers. Furthermore, a high-power surface wave beam propagating on such a surface would induce a low-index profile surrounded by high-index region, causing its energy to be more strongly diffracted. This could provide an attractive alternative to mitigate the destructive effects of high power microwaves. 
VI. SELF-TUNING ABSORBERS
One of the fundamental limitations of sub-wavelength structures is their narrow bandwidth due to their electromagnetic resonance properties. Additionally, when the metasurface is electrically thin, its absorbing performance and bandwidth are inversely related to the thickness [33] , [34] . Thus, it is not possible to make a broadband absorber with an arbitrarily thin substrate. There are various approaches to achieve broadband absorbing properties such as multilayer, multi-resonant structures, but none have exceeded the fundamental thickness limitation. Here, we suggest using the novel approach of self-tunability [22] , to create the broadband metasurfaces absorber that responds to the incoming frequency and tunes its resonance frequency to match that of the incident wave. To achieve this performance, the metasurface is divided into sensing and responding parts. The sensing part is a circuit which detects the incoming frequency and provides a frequency-dependent DC bias. The responding part is constructed of the high impedance surface with varactor diodes populated on the surface. The rectified DC bias is fed into the network of varactors using a feedback circuit, and the metasurface automatically tunes its resonance frequency based on the provided DC bias, which depends on the input frequency. The EM/circuit co-simulation is shown in Fig. 19 . We use a periodic metasurface model with varactors, as well as a set of sensing circuits including the RF-DC rectifier, op-amps, and limiter to provide the frequency-dependent control voltages. The simulation result of the self-tuning absorber is shown in Fig. 20 , demonstrating the broad tunable bandwidth that is much wider than the instantaneous bandwidth at each individual tuning state. 
VII. RECONFIGURABLE GROUND PLANE
Modern communication systems are rapidly emerging for the requirements of high speed access, large data capacity, and diverse usage formats. One key technology for broadband communication systems is reconfigurable and broadband antennas. One of the key challenges for their development is that the reconfigurable elements require an adjustment of the local reflection properties from the ground plane to operate over a broad frequency range, because the antennas occupy a fixed distance from the ground plane. A tunable ground plane would allow the reflection phase to be controlled to match the requirements of the antenna at any given tuning state.
The proposed tunable ground plane [35] is constructed using a high impedance surface with RF MOSFETs populated at the gaps between the metal patches as shown in Fig. 21 (a) . The FETs are used as RF switches to reconfigure the surface topology by connecting or disconnecting nearby periodic patches. When the switch is turned on, the internal resistance between the drain and source of the FETs will dominate. Similarly, the capacitance between patches and parasitics of the FETs will dominate when the switch is turned off. For example, 3×3 and 1×1 configured surfaces are shown in Fig. 21 (b) . To configure the surface for lower frequency bands, inner switches are closed to connect adjacent patches, and outer ones are opened to disconnect that group of patches from their neighbors. Similarly, to configure for a higher frequency band, all the switches are opened, and the reconfigured patches are at their minimum size. In other words, the impedance ground is reconfigured by simply scaling the lateral dimensions by opening and closing switches. By switching between these two different surface topologies, the ground plane can change its resonance VOLUME 5, 2017 frequency, and the reflection phase can be adjusted to match the requirements of a tunable antenna. Fig. 21 (c) shows the reflection phases of the lower and higher tuning states as a function of the frequency for two different surface topologies. The resonance frequency is defined as the point where the reflection phase crosses through 0 • , and the bandwidth is defined the frequency range over which the reflection phase lies between −π/2 and π/2. Transforming the surface is simply a matter of reconfiguring the ground plane between these two states for the lower and higher bands. In addition, any number of states are achievable by manipulating the configuration of the switches, so that the surface can have multi-octave tunability.
The proposed impedance ground plane is numerically analyzed using a co-simulation method including the transistor switches to reconfigure the surface topology. For the simulation, N × N unit cells are constructed with periodic boundary conditions, and lumped ports are assigned at the position of the gaps between the patterned patches. The geometry of the unit cell has a period of 3.2 mm, a gap distance of 0.81 mm on a dielectric substrate, RO5880 (ε r = 2.2) with a thickness of 2.87 mm. N-channel RF MOSFETs are controlled by the biasing network to provide open and short channels between the patches. The metallic lattice of patches are arranged into groups of 2 × 2 through 11 × 11 or simply as individual disconnected cells, for the 1 × 1 case. Reflection phases, S11, are compared in each different topology. In the 1 × 1 case, all of the patches are disconnected, so the structure behaves as an ordinary high impedance surface with a resonant frequency of 11.86 GHz defined by the single unit cell geometry. By increasing the number of connected channels to form N × N cells, the capacitance between patches increases with the expanded effective patch size, so the resonance frequencies is reduced as shown in Fig. 22 . Each reflection phase of the configured surfaces slightly overlaps with the neighboring curve to provide a continuous range from 2 to 17 GHz where the structure maintains high surface impedance, to facilitate efficient conformal antennas.
VIII. CONCLUSIONS AND FUTURE WORKS
This paper provides a review of recent advances in nonlinear and active metamaterial surfaces as well as a wide range of related applications. In each case the surface impedance is tuned by active electronics such as diodes, transistors, varactors, etc. The nonlinear tuning mechanism and applications are classified into groups based on their functionalities and capabilities. By applying diodes to the surface, power dependent surface wave absorbers can be built. Using a fullwave rectifier, a new type of waveform-dependent surface wave absorber is achieved. Transistor based absorbing metasurfaces provide manual gate control, which can make the surface programmable, or allow the use of feedback to create a sharp absorption response. We have also demonstrated active self-tunable metasurfaces for self-focusing of surface waves and self-tuning for expanding the frequency bandwidth beyond the limits of passive absorbers. In addition, we have described a type of reconfigurable ground plane to support broadband and reconfigurable antenna systems. These technologies can be expected to be used to dramatically increase the capabilities of metamaterials for applications such as active absorbers, surface waveguides, or low profile antennas.
Unlike classical and conventional electromagnetic surfaces, the nonlinear, active and tunable metasurfaces proposed in this paper provide new ways of manipulating the interaction between electromagnetic waves and materials, enabling unique properties like broad bandwidth, power or waveform dependency and reconfigurability. Based on the techniques introduced here, more flexible metasurface designs for applications in absorbers, conformal antennas, leaky wave structures and control of surface waves may be achieved in the future.
